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Available online 15 December 2015Cryptosporidium parvum represents a considerable health risk to humans and animals because
the parasite has a low infectious dose and is usually present at low numbers in environmental
samples, which makes detection problematic. The purpose of this study was to evaluate
Cryspovirus as a target for sensitive detection of C. parvum in clinical samples. Semi-
quantitative RT-PCR (sqRT-PCR) and quantitative RT-PCR (qRT-PCR) directed to Cryspovirus
sequences could detect less than 5 Cryptosporidium oocysts in RNA extracted from C.
parvum-containing calf feces. Of interest was that a similar level of sensitivity was observed
using RNA present in DNA extracts of the same C. parvum fecal samples. There was a strong
correlation between both the sqRT-PCR and qRT-PCR product and number of C. parvum oo-
cysts. Analysis of DNA extracted from a similar number of oocysts using PCR targeting the Cryp-
tosporidium SSU rDNA gene sequence found that nested PCR was necessary to obtain a
detectable PCR signal. The availability of DNA allowed for Cryptosporidium genotyping based
on SSU rDNA sequencing as well as C. parvum subtyping through GP60 sequencing. By using
DNA that contains viral RNA, the assay avoids two separate extractions — one for RNA and
one for DNA. This two-step assay, ﬁrst to detect Cryptosporidium by Cryspovirus-speciﬁc RT-
PCR followed by nested SSU rDNA PCR for Cryptosporidium genotyping may represent an
important tool for identifying the parasite in clinical samples.
Published by Elsevier Inc. on behalf of International Association of Food andWaterborne Parasitology.
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Cryptosporidiosis continues to be a signiﬁcant cause of diarrheal disease in humans, particularly in developing countries
(Checkley et al., 2015). Preventing cryptosporidiosis outbreaks requires sensitive techniques for detecting the parasite in environ-
mental samples, and for managing sources of the parasite. A number of molecular techniques have been developed for detecting
Cryptosporidium oocysts in water and feces (for review see Widmer, 1998; Quintero-Betancourt et al., 2002; Hill et al., 2007;
Briggs et al., 2014). Most of these techniques are based on PCR ampliﬁcation of high copy number genes, such as SSU rDNA or
actin, and utilize either standard PCR followed by gel electrophoresis or real-time quantitative PCR (Kostrzynska et al., 1999;
Lindergard et al., 2003; Jothikumar et al., 2008; Yu et al., 2009; Bhat et al., 2014; Gao et al., 2014; Yang et al., 2014). Several au-
thors have incorporated an internal standard to control for false negative reactions due to the presence of PCR inhibitors that are
commonly present in environmental samples (Ruecker et al., 2011; Yang et al., 2013; Hawash et al., 2015). A few novel tech-
niques that combine RT-PCR and vital dye staining, or RT-PCR after heat induction of heat-shock protein 90 allow for bothins).
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often required to obtain a detectable signal, ampliﬁcation of SSU rDNA allows for subsequent Cryptosporidium species identiﬁca-
tion through sequencing of the SSU rDNA amplicons or RFLP. The drawback of this approach is that nested PCR is necessary to
detect Cryptosporidium oocysts. The risk of contamination is greater with secondary PCR, and the effort may be wasted on nega-
tive samples. Several authors have developed multiplex PCR assays that can detect multiple Cryptosporidium species and other
protozoa, such as Giardia, Enterocytozoon, and Encephalitozoon (Santín and Zarlenga, 2009; Rubio et al., 2014). Cryptosporidium
parvum subtyping is possible through secondary PCR ampliﬁcation of genes such as GP60, but suffers from low sensitivity prob-
ably due to the low copy number of the target sequence. The purpose of the present study was to develop a single tube molecular
method that in an initial screen can detect low numbers of Cryptosporidium oocysts. This assay is based on detecting double-
stranded RNA contained within Cryspovirus, an intracellular virus that appears to be present in all strains of C. parvum and
Cryptosporidium hominis (Khramtsov and Upton, 1998; Khramtsov et al., 2000; Xiao et al., 2001; Leoni et al., 2003), as well as
in Cryptosporidium felis and Cryptosporidium meleagridis (Leoni et al., 2003) . As a test of this approach, fecal samples that were
positive for Cryptosporidium by Cryspovirus RT-PCR were then subject to SSU genotyping and GP60 subtyping.
2. Materials and methods
2.1. Source material
Cryptosporidium oocysts were recovered from calf fecal material using standard CsCl centrifugation techniques (Fayer et al., 2000;
Santín et al., 2004). In brief, 15 g calf feces from each specimen cup were mixed with 35ml of distilled water (dH2O). The suspension
was passed through a sieve with a 45 μm pore size screen. The ﬁltrate volume was adjusted to 50 ml with dH2O and centrifuged at
1800 g for 15 min. The pellet was suspended in a mixture of 25 ml dH2O and 25 ml CsCl (1.4 g/l) and centrifuged at 300 g for
20 min. Supernatant, aspirated from each suspension, was washed with dH2O and the ﬁnal pellet was suspended in 500 μl of
dH2O. Cryptosporidium oocysts concentrations were estimated by immunoﬂuorescence staining (Meriﬂuor) followed by counting
on an epiﬂuorescencemicroscope. In order to compare detectionmethods over a wide range of oocysts concentrations, 10 fecal sam-
ples from pre-weaned calves were selected to contain between approximately 4 × 102–5 × 105 oocysts/g.
2.2. Nucleic acid extraction
An aliquot of these CsCl-puriﬁed oocysts (100–103) were subjected to DNA extraction using a Qiagen DNA stool kit (Qiagen,
Valencia, CA). Another aliquot was subjected to RNA extraction using a Qiagen viral RNA kit. DNA and RNA concentrations
were estimated in a Ribogreen assay (Invitrogen, Eugene, OR). DNA and RNA concentrations were adjusted to 0.1 ng/μl using
1 mM Tris-0.1 mM EDTA (for DNA) or DEPC-H2O (for RNA). The number of Cryptosporidium oocysts analyzed in each reaction
was based on oocysts counts prior to nucleic acid extraction and the volume of DNA or RNA used to obtain 0.1 ng template
DNA or RNA.
2.3. Semiquantitative Cryspovirus RT-PCR
In order to develop a practical assay, both DNA and RNA samples were subjected to RT-PCR using Cryspovirus-speciﬁc primers
(Jenkins et al., 2015). In our experience, unless a RNase step is utilized, the Qiagen DNA stool kit yields both DNA and RNA
(unpublished observations). Assay conditions were identical to those described (Jenkins et al., 2015), and incorporated an internal
standard to control for false negative reactions. In brief, 0.1 ng DNA or RNA were mixed with 400 nM forward (5′-
TGGTTCCGATTTTACCGGAA -3′) and reverse (5′- AACGACAATTAGGACTCAAATGACC -3′) CPV primers in sterile H2O, and denatured
for 1 min in a boiling water bath. The samples were quick-chilled in an ice–water slurry, and then mixed with the internal stan-
dard and SuperScriptIII RT-Taq in 1× RT buffer (Invitrogen). The amount of internal standard was optimized to achieve a signal
intensity that was in the linear part of an optimization curve. Reverse transcription was conducted at 47 °C for 30 min, followed
by a heat denaturation at 94 °C for 3 min, then 94 °C for 30 s, 50 °C for 30 s, 72 °C for 1 min for 35 cycles, followed by a ﬁnal
extension at 72 °C for 5 min in a BioRad T100 thermocycler (Biorad, Hercules, CA). The ampliﬁcation products (target ~ 50 bp,
internal standard ~500 bp) were analyzed by polyacrylamide gel electrophoresis (Sambrook et al., 1989), followed by EtBr stain-
ing, and image capture on a GelLogic 200 Imaging System (Kodak, Rochester, NY). The relative CPV target intensity compared to
the internal standard intensity was estimated by densitometry measurement using Labworks Acquistion and Analysis Software
(UVP, Inc., Upland, CA). No template controls (H2O) were included in each assay and all samples were analyzed in a minimum
of 3 RT-PCR assays.
2.4. Quantitative real-time Cryspovirus RT-PCR
Cryptosporidium RNA (0.1 ng) was denatured in a boiling water bath as above, but using primers that ampliﬁed a 230 bp
Cryspovirus RNA-dependent RNA polymerase (RdRp) sequence using forward 5′- TGGGCATATGGTGCTCACTA -3′ and reverse 5′-
GCTAAGAGATCGTAGATGTCCA -3′ primers. After denaturation and cooling in an ice-bath, the RNA-primer mixture was mixed
with SuperscriptIII RT-Taq and EvaGreen reagent (Biotium, Hayward, CA) in 1× RT-buffer (Invitrogen). Reverse transcription
was conducted at 47 °C for 30 min, followed by a heat denaturation at 94 °C for 3 min, then 94 °C for 30 s, 61.5 °C for 30 s,
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with a CFX96 Real Time System (BioRad). Melting curve analysis was conducted by denaturation, and slowly reducing reaction
temperature from 95 °C to 65 °C in 0.5 °C increments for 10 min. Preliminary annealing temperature optimization studies re-
vealed greater than 99% efﬁciency of the quantitative RT-PCR. No template controls (H2O) were included in each assay and trip-
licate RT-PCRs were conducted on all samples.
2.5. SSU rDNA gene ampliﬁcation and subtyping
Cryptosporidium DNA was subjected to nested 18 s PCR using standard procedures (Xiao et al., 1999). In brief, a two-step
nested PCR protocol was used to amplify an 830 bp fragment of the SSU rRNA gene using primers 5′- TTCTAGAGCTAATACATGCG
-3′ and 5′- CCCATTTCCTTCGAAACAGGA -3′ for primary PCR and 5′- GGAAGGGTTGTATTTATTAGATAAAG -3′ and 5′-
AAGGAGTAAGGAACAACCTCCA -3′ for secondary PCR (Xiao et al., 1999). The primary PCR mixture contained 1× PCR buffer,
3 mM MgCl2, 0.2 mM dNTP, 2.5 U Taq (Qbiogene, Irvine, California), 2.5 μl BSA (0.1 g/10 ml), and 1 μM of each forward and re-
verse primer in a 50 μl reaction volume. Each of 35 cycles consisted of 94 °C for 45 s, 59 °C for 45 s, and 72 °C for 1 min after an
initial hot start at 94 °C for 3 min and ending with 72 °C for 7 min. The secondary PCR mixture was identical except that the
MgCl2 concentration was 1.5 mM. Each of 40 cycles consisted of 94 °C for 30 s, 58 °C for 90 s, and 72 °C for 2 min after an initial
hot start at 94 °C for 3 min and ending with 72 °C for 7 min.
Subtyping of C. parvum isolates was performed using a nested PCR protocol to amplify a 450 bp fragment of the 60 kDa glycopro-
tein (GP60) gene using primers 5′- ATAGTCTCCGCTGTATTC -3′ and 5′- GAGATATATCTTGGTGCG -3′ for primary PCR and 5′-
TCCGCTGTATTCTCAGCC -3′ and 5′- CGAACCACATTACAAATGAAGT -3′ for secondary PCR (Sulaiman et al., 2005). For both primary
and secondary the PCR mixture contained 1× PCR buffer, 3 mM MgCl2, 0.2 mM dNTP, 2.5 U Taq (Qbiogene), 2.5 μl BSA (0.1 g/
10 ml), and 1 μM of each forward and reverse primer in a 50 μl reaction volume. Each of 35 cycles consisted of 94 °C for 45 s, 50 °C
for 45 s, and 72 °C for 1 min after an initial hot start at 94 °C for 5 min and ending with 72 °C for 10 min. Subtypes were determined
and named based on both the number of trinucleotide repeats and mutations in the non-repeat regions (Sulaiman et al., 2005).
PCR products were subject to electrophoresis in the QIAxcel Advanced system (Qiagen). Positive PCR products, puriﬁed using Exo-
nuclease I/ShrimpAlkaline Phosphatase (Exo-SAP-IT™) (USB Corporation, Cleveland, OH), were sequenced in both directions using the
same PCR primers in 10 μl reactions, Big Dye™ chemistries, and an ABI 3100 sequencer analyzer (Applied Biosystems, Foster City, Cal-
ifornia). Sequence chromatograms of each strand were aligned and examined with Lasergene software (DNASTAR, Inc., Madison, WI).
2.6. Data analysis
Linear regression analysis and estimation of the coefﬁcient of correlation (R2) and conﬁdence intervals were conducted on
both sqRT-PCR and qRT-PCR assay of both RNA and DNA from all samples using SigmaPlot software (Systat, Inc. San Jose, CA).3.1 2.8 2.6 0.21.6 1.12.0 0.83.2 1.0
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Fig. 1. Representative polyacrylamide gel electrophoresis results from semi-quantitative RT-PCR ampliﬁcation signal speciﬁc for Cryspovirus expressed as a
target:competitor ratio of RNA (upper panel) or RNA present in DNA (lower panel) extracts of various numbers of Cryptosporidium parvum oocysts recovered
from calf feces. Competitor (internal standard), ~500 bp; target, ~350 bp. Values above individual lanes represent log numbers of C. parvum oocysts analyzed in
respective RT-PCR analysis.
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3.1. Semiquantitative RT-PCR
As shown in a typical gel electrophoresis pattern, semiquantitative RT-PCR ampliﬁcation of Cryspovirus RNA in C. parvum RNA
or DNA revealed a fairly consistent internal standard intensity over a wide range of oocysts numbers (Fig. 1). Densitometry anal-
ysis of RT-PCR ampliﬁcation of RNA extracted from Cryptosporidium oocysts isolated from calf feces revealed higher target inten-
sities, as expressed as a target:competitor (T:C) ratio, with increasing numbers of Cryptosporidium oocysts (Fig. 2a). A strong
correlation (R2 = 0.88) was observed when T:C ratio was plotted against log oocysts in the sample (Fig. 2a). Analysis of RNA
present in DNA extracts of the same samples displayed a similar pattern, and a fairly strong correlation between T:C ratio and
log oocysts (R2 = 0.74) (Fig. 2b).0 1 2 3
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Fig. 2. Linear regression analysis of semi-quantitative RT-PCR ampliﬁcation signal speciﬁc for Cryspovirus expressed as a target:competitor ratio of RNA (A) or RNA
present in DNA (B) extracts of various numbers of Cryptosporidium parvum oocysts recovered from calf feces. The depicted target:competitor ratios are a mean of 3
individual semi-quantitative RT-PCR ampliﬁcations.
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Melting curve analysis revealed a single peak at 79–80 °C in all samples reﬂecting a single RT-PCR product (data not shown).
Analysis of the identical RNA samples examined by sqRT-PCR using quantitative RT-PCR revealed a more uniform dose response
with increasing numbers of Cryptosporidium oocysts producing lower Cq values (Fig. 3a). A strong correlation (R2 = 0.85) was
observed when plotting Cq values against log oocysts in the sample (Fig. 3a). Quantitative RT-PCR analysis of RNA present in
DNA extracts of the same samples revealed a good dose response between Cq value and log number of Cryptosporidium oocysts
in the sample with a moderately strong correlation (R2 = 0.65) between the two variables (Fig. 3b).3.3. Primary and nested 18S PCR
Although primary SSU PCR of the DNA extracted from Cryptosporidium oocysts failed to produce a detectable signal (data not
shown) nested PCRwas positive for all samples. DNA sequencing of these SSU amplicons revealed all 10 samples to contain C. parvum.0 1 2 3
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Fig. 3. Linear regression analysis of quantitative RT-PCR ampliﬁcation signal (Cq) speciﬁc for Cryspovirus of RNA (A) or RNA present in DNA (B) extracts of various
numbers of Cryptosporidium parvum oocysts recovered from calf feces. The depicted Cq values are a mean of 3 individual quantitative RT-PCR ampliﬁcations.
19M. Jenkins et al. / Food and Waterborne Parasitology 5 (2016) 14–20Subtyping of the DNA using GP60 PCR sequencing revealed 4 different genotypes— IIaA16G3R2 (sample 1), IIaA18G3R1 (sample 2),
IIaA15G2R2 (samples 3 and 6), and IIaA15G2R1 (samples 4 and 5). In samples 7 and 8, mixed infections were suspected from the se-
quence traces. Samples 9 and 10 failed to produce a detectable GP60 ampliﬁcation product.
4. Discussion
The present study describes a sensitive method for detecting C. parvum oocysts isolated from calf feces by RT-PCR ampliﬁcation
of gene sequences speciﬁc for Cryspovirus, a virus that appears to be present in all C. parvum isolates examined to date. Analysis of
RNA extracted using a Qiagen viral RNA kit or a Qiagen DNA mini-kit revealed a strong correlation between the amount of target
and log oocysts analyzed (Figs. 2 and 3). By incorporating a preliminary CsCl concentration step, the sqRT-PCR and qRT-PCR assays
can detect less than 5 oocysts equivalent to about 400 C. parvum oocysts/g. A slightly higher correlation (0.83–0.88 vs. 0.73–0.74)
between the amount of target and log oocysts analyzed was observed for sqRT-PCR or qRT-PCR ampliﬁcation of RNA isolated from
the viral RNA kit compared to RNA isolated from the DNA mini-kit. This observation appears to be due to lower agreement be-
tween expected and observed values for sqRT-PCR and qRT-PCR in samples containing higher numbers of oocysts (Figs. 2B and
3B). The reasons for this may be inaccurate counting in the samples containing higher numbers of C. parvum oocysts or the rel-
ative amount of RNA and DNA obtained from the DNA mini-kit decreases with greater numbers of oocysts. Nevertheless,
extracting DNA from these samples allowed for subsequent nested SSU rDNA PCR analysis for genotyping as C. parvum. Thus,
extracting Cryptosporidium oocysts using the Qiagen DNA mini-kit has the advantage of producing template DNA for SSU rDNA
gene PCR as well as RNA for Cryspovirus-speciﬁc RT-PCR.
The Cryspovirus-speciﬁc RT-PCR assay has the advantage over PCR assays that target SSU rDNA because it does not require a
secondary PCR to detect low numbers of oocysts in a sample, and thus minimizes the risk of contamination, as well as reducing
assay time. The RT-PCR reaction can be performed in a single tube, and is amenable to standard PCR format using gel electropho-
resis or quantitative PCR using a real-time thermocycler. Our ﬁndings of greater sensitivity are similar to that of another research
group who found that Cryspovirus RT-PCR was useful for detecting low numbers of C. parvum oocysts in environmental water
(Kozwich et al., 2000). Our technique has the added advantage of being functional in both qRT-PCR and especially sqRT-PCR by
utilizing an internal standard (e.g. competitor) that controls for false negative reactions due to the presence of PCR inhibitors.
While variation in the Cryspovirus RNA capsid and RdRp sequences does not appear to be useful for genotyping analysis, it has
been useful for Cryptosporidium subtyping (Xiao et al., 2001; Leoni et al., 2003a,b) which may assist in tracking cryptosporidiosis
outbreaks.
Conﬂict of interest statement
The authors declare they have no conﬂicts of interest.
References
Bhat, S.A., Dixit, M., Juyal, P.D., Singh, N.K., 2014. Comparison of nested PCR and microscopy for the detection of cryptosporidiosis in bovine calves. J. Parasit. Dis. 38,
101–105.
Briggs, A.D., Boxall, N.S., Van Santen, D., Chalmers, R.M., McCarthy, N.D., 2014. Approaches to the detection of very small, common, and easily missed outbreaks that
together contribute substantially to human Cryptosporidium infection. Epidemiol. Infect. 142, 1869–1876.
Checkley,W.,White Jr., A.C., Jaganath, D., Arrowood,M.J., Chalmers, R.M., Chen, X.M., Fayer, R., Griffiths, J.K., Guerrant, R.L., Hedstrom, L., Huston, C.D., Kotloff, K.L., Kang,
G., Mead, J.R., Miller, M., Petri Jr., W.A., Priest, J.W., Roos, D.S., Striepen, B., Thompson, R.C., Ward, H.D., Van Voorhis, W.A., Xiao, L., Zhu, G., Houpt, E.R., 2015. A re-
view of the global burden, novel diagnostics, therapeutics, and vaccine targets for cryptosporidium. Lancet Infect. Dis. 15, 85–94.
Fayer, R., Trout, J.M., Graczyk, T.D., Lewis, E.J., 2000. Prevalence of Cryptosporidium, Giardia and Eimeria infections in post-weaned and adult cattle on three Maryland
farms. Vet. Parasitol. 93, 103–112.
Gao, S., Zhang, M., Amer, S., Luo, J., Wang, C., Wu, S., Zhao, B., He, H., 2014. Development of an immunomagnetic bead separation-coupled quantitative PCRmethod for
rapid and sensitive detection of Cryptosporidium parvum oocysts in calf feces. Parasitol. Res. 113, 2069–2077.
Garcés-Sanchez, G., Wilderer, P.A., Munch, J.C., Horn, H., Lebuhn,M., 2009. Evaluation of twomethods for quantification of hsp70mRNA from thewaterborne pathogen
Cryptosporidium parvum by reverse transcription real-time PCR in environmental samples. Water Res. 43, 2669–2678.
Hawash, Y., Ghonaim, M.M., Al-Hazmi, A.S., 2015. Internal amplification control for a Cryptosporidium diagnostic PCR, construction and clinical evaluation. Korean
J. Parasitol. 53, 147–154.
Hill, V.R., Kahler, A.M., Jothikumar, N., Johnson, T.B., Hahn, D., Cromeans, T.L., 2007. Multistate evaluation of an ultrafiltration-based procedure for simultaneous recov-
ery of enteric microbes in 100-liter tap water samples. Appl. Environ. Microbiol. 73, 4218–4225.
Jenkins, M.C., O'Brien, C.N., Santin, M., Fayer, R., 2015. Changes in the levels of Cryspovirus during in vitro development of Cryptosporidium parvum. Parasitol. Res. 114,
2063–2068.
Jothikumar, N., da Silva, A.J., Moura, I., Qvarnstrom, Y., Hill, V.R., 2008. Detection and differentiation of Cryptosporidium hominis and Cryptosporidium parvum by dual
TaqMan assays. J. Med. Microbiol. 57, 1099–1105.
Khramtsov, N.V., Upton, S.J., 1998. High-temperature inducible cell-free transcription and replication of double-stranded RNAs within the parasitic protozoan Crypto-
sporidium parvum. Virology 245, 331–337.
Khramtsov, N.V., Chung, P.A., Dykstra, C.C., Griffiths, J.K., Morgan, U.M., Arrowood, M.J., Upton, S.J., 2000. Presence of double-stranded RNAs in human and calf isolates
of Cryptosporidium parvum. J. Parasitol. 86, 275–282.
Kostrzynska, M., Sankey, M., Haack, E., Power, C., Aldom, J.E., Chagla, A.H., Unger, S., Palmateer, G., Lee, H., Trevors, J.T., De Grandis, S.A., 1999. Three sample preparation
protocols for polymerase chain reaction based detection of Cryptosporidium parvum in environmental samples. J. Microbiol. Methods 35, 65–71.
Kozwich, D., Johansen, K.A., Landau, K., Roehl, C.A., Woronoff, S., Roehl, P.A., 2000. Development of a novel, rapid integrated Cryptosporidium parvum detection assay.
Appl. Environ. Microbiol. 66, 2711–2717.
Leoni, F., Gallimore, C.I., Green, J., McLauchlin, J., 2003a. Molecular epidemiological analysis of Cryptosporidium isolates from humans and animals by using a hetero-
duplex mobility assay and nucleic acid sequencing based on a small double-stranded RNA element. J. Clin. Microbiol. 41, 981–992.
20 M. Jenkins et al. / Food and Waterborne Parasitology 5 (2016) 14–20Leoni, F., Gallimore, C.I., Green, J., McLauchlin, J., 2003b. A rapid method for identifying diversity within PCR amplicons using a heteroduplex mobility assay and syn-
thetic polynucleotides: application to characterisation of dsRNA elements associated with Cryptosporidium. J. Microbiol. Methods 54, 95–103.
Leoni, F., Gallimore, C.I., Green, J., McLauchlin, J., 2003c. Characterisation of small double stranded RNA molecule in Cryptosporidium hominis, Cryptosporidium felis and
Cryptosporidium meleagridis. Parasitol. Int. 55, 299–306.
Liang, Z., Keeley, A., 2012. Comparison of propidiummonoazide-quantitative PCR and reverse transcription quantitative PCR for viability detection of fresh Cryptospo-
ridium oocysts following disinfection and after long-term storage in water samples. Water Res. 46, 5941–5953.
Lindergard, G., Nydam, D.V., Wade, S.E., Schaaf, S.L., Mohammed, H.O., 2003. The sensitivity of PCR detection of Cryptosporidium oocysts in fecal samples using two DNA
extraction methods. Mol. Diagn. 7, 147–153.
Quintero-Betancourt, W., Peele, E.R., Rose, J.B., 2002. Cryptosporidium parvum and Cyclospora cayetanensis, a review of laboratory methods for detection of these wa-
terborne parasites. J. Microbiol. Methods 49, 209–224.
Rubio, J.M., Lanza, M., Fuentes, I., Soliman, R.H., 2014. A novel nested multiplex PCR for the simultaneous detection and differentiation of Cryptosporidium spp.,
Enterocytozoon bieneusi and Encephalitozoon intestinalis. Parasitol. Int. 63, 664–669.
Ruecker, N.J., Hoffman, R.M., Chalmers, R.M., Neumann, N.F., 2011. Detection and resolution of Cryptosporidium species and species mixtures by genus-specific nested
PCR-restriction fragment length polymorphism analysis, direct sequencing, and cloning. Appl. Environ. Microbiol. 77, 3998–4007.
Sambrook, J., Fritsch, E.F., Maniatis, T., 1989. Molecular Cloning, a Laboratory Manual. 2nd ed. Cold Spring Harbor Laboratory Press, Cold Spring Harbor, NY.
Santín, M., Zarlenga, D.S., 2009. A multiplex polymerase chain reaction assay to simultaneously distinguish Cryptosporidium species of veterinary and public health
concern in cattle. Vet. Parasitol. 166, 32–37.
Santín, M., Trout, J.M., Xiao, L., Zhou, L., Greiner, E., Fayer, R., 2004. Prevalence and age-related variation of Cryptosporidium species and genotypes in dairy calves. Vet.
Parasitol. 122, 103–117.
Stinear, T., Matusan, A., Hines, K., Sandery, M., 1996. Detection of a single viable Cryptosporidium parvum oocyst in environmental water concentrates by reverse
transcription-PCR. Appl. Environ. Microbiol. 62, 3385–3390.
Sulaiman, I.M., Hira, P.R., Zhou, L., Al-Ali, F.M., Al-Shelahi, F.A., Shweiki, H.M., Iqbal, J., Khalid, N., Xiao, L., 2005. Unique endemicity of Cryptosporidiosis in children in
Kuwait. J. Clin. Microbiol. 43, 2805–2809.
Widmer, G., 1998. Genetic heterogeneity and PCR detection of Cryptosporidium parvum. Adv. Parasitol. 40, 223–239.
Xiao, L., Escalante, L., Yang, C., Sulaiman, I., Escalante, A.A., Montali, R.J., Fayer, R., Lal, A.A., 1999. Phylogenetic analysis of Cryptosporidium parasites based on the small-
subunit rRNA gene locus. Appl. Environ. Microbiol. 65, 1578–1583.
Xiao, L., Limor, J., Bern, C., Lal, A.A., 2001. Tracking Cryptosporidium parvum by sequence analysis of small double-stranded RNA. Emerg. Infect. Dis. 7, 141–145.
Yang, R., Murphy, C., Song, Y., Ng-Hublin, J., Estcourt, A., Hijjawi, N., Chalmers, R., Hadfield, S., Bath, A., Gordon, C., Ryan, U., 2013. Specific and quantitative detection and
identification of Cryptosporidium hominis and C. parvum in clinical and environmental samples. Exp. Parasitol. 135, 142–147.
Yang, R., Paparini, A., Monis, P., Ryan, U., 2014. Comparison of next-generation droplet digital PCR (ddPCR) with quantitative PCR (qPCR) for enumeration of Crypto-
sporidium oocysts in faecal samples. Int. J. Parasitol. 44, 1105–1113.
Yu, J.R., Lee, S.U., Park, W.Y., 2009. Comparative sensitivity of PCR primer sets for detection of Cryptosporidium parvum. Korean J. Parasitol. 47, 293–297.
